• Contamination by PCBs and HCB decreased with the distance to the pollution source.
Introduction
Environmental contamination by persistent organic pollutants (POPs) has received increasing concern worldwide, reflecting the impact of anthropogenic activities over time. Organochlorine compounds such as polychlorinated biphenyls (PCBs) and hexachlorobenzene (HCB) are defined as POPs by the Stockholm Convention, which acts as a global treaty to protect human health and the environment from these chemicals (UNEP, 2001) .
Ranking among the top 5 priority hazardous substances along with arsenic, lead, mercury and vinyl chloride (ATSDR, 2007) , PCBs were manufactured commercially in Europe from 1929 until the mid-1980s (OSPAR, 2010) and were primarily used in industry due to their insulating and flame retardant properties. According to the Water Framework Directive (2000/60/EC), HCB is also identified as a priority hazardous substance and has been synthesized and used from the 1940s to the late 1970s as a fungicide for a variety of crops, being also applied in Science of the Total Environment 461-462 (2013) [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] several manufacturing processes such as aluminum and graphite rods. Although PCBs are no longer produced, hundreds of thousands of tons are still in use in electrical transformers and other equipments (Zhou et al., 2001; Otchere, 2005) , giving the governments until 2025 to phase out these uses and arrange alternative PCB-free replacements (UNEP, 2001) . Likewise, HCB production has now virtually ceased in Europe but it may still be released into the environment, since it is currently formed as an inadvertent by-product at trace levels in the production of chemical solvents, several pesticides and by combustion of chlorinated waste material.
Due to their toxicity, potential to bioaccumulate on fatty tissues and biomagnification through the food chain, exposure to these pollutants is a topic of huge concern (Otchere, 2005; Tomza et al., 2006) . In fact, POPs have been directly related with deleterious health problems, including endocrine disruption, reproductive disorders, cardiovascular diseases, carcinogenicity and neurotoxicity (Amodio et al., 2012 and references therein).
Ria de Aveiro, a lagoon adjacent to the Atlantic Portuguese coast, comprises in its vicinity a large industrial complex besides extensive agriculture fields, in which great amounts of fertilizers and pesticides are applied. Considering the use of PCBs and HCB in industrial electrical equipment, pesticide extenders and fungicides respectively, it is crucial to determine if there exists a contamination by organochlorines in the inner part of the lagoon, the Laranjo Bay. Thus, a survey was conducted in order to investigate their occurrence along a spatial contamination gradient in water, muddy sediments and biota, specifically in the bivalve Scrobicularia plana from three selected locations of Ria de Aveiro.
As sedentary filter-feeders, bivalves are known to be effective bioaccumulators of chemical substances (Coelho et al., 2006; Lobo et al., 2010; Cardoso et al., 2012 Cardoso et al., , 2013 , providing a time integrated indication of environmental contamination, as well as reliable information on the potential impact of seafood consumption on public health (Fang, 2004; Otchere, 2005) . The worldwide-distributed benthic bivalve S. plana is a deposit feeding species of high commercial interest and key importance in the structure and functioning of estuarine ecosystems. It is a crucial prey item to higher trophic levels (crabs, fishes and birds), playing an important role in biogeochemical cycles of both nutrients and contaminants, as a consequence of its bioturbation activity. This species presents a lifespan of 5 years, growth rates of 1 cm • yr −1 (Verdelhos et al., 2005) and has been extensively used as a relevant model organism for biomonitoring programs and toxicity tests (Coelho et al., 2006; Bonnard et al., 2009; Cardoso et al., 2012) . Despite being a well-studied edible species, there is no information regarding PCB and HCB accumulation throughout its life cycle. Therefore, the major aims of this paper were: (1) to study PCB and HCB accumulation in water, muddy sediments and in the bivalve S. plana; (2) to assess the annual PCB bioaccumulation pattern during S. plana lifespan; (3) to evaluate the potential PCB transfer from contaminated sediments to economically important species; and (4) to infer about the risks for human health intrinsic to the consumption of bivalves from locations with different concentrations of PCBs and HCB.
Materials and methods

Study area and sample collection
The sampling campaigns were conducted in Ria de Aveiro (40°38′N, 8°45′W). This coastal lagoon is located in the northwestern part of Portugal ( Fig. 1) and is permanently connected to the sea, receiving inputs from agriculture, urban and industrial activities. Ria de Aveiro supports a population of 250,000 inhabitants in the watershed area, and its main municipality (Aveiro town) is located 15 km south from an industrial complex, in which chlorine and aromatic compounds containing benzene are produced. From the 1950s until the present, Ria de Aveiro continuously receives effluents coming from this industrial complex, inducing an environmental contamination gradient inside the lagoon and most pronouncedly in the sediments of a bay named Laranjo (Coelho et al., 2006; Pereira et al., 2009) . Three sampling locations were selected along a spatial contamination gradient in the Laranjo Bay, regarding the distance to the point where industrial effluents were dischargedStation 1, Station 2 and Station 3 (Fig. 1) .
Water, sediments and biological samples were collected in the spring of 2011, on the mudflats during low tide conditions. On each study area, water samples were collected from intertidal pools by using pre-washed glass bottles, free of organochlorine residues, and maintained on ice during transportation to the laboratory. A composite sediment sample was obtained from the upper 5 cm, consisting of three randomly replicate cores (141 cm 2 surface area) pooled together with the purpose to account for within-site variability. An additional composite sediment sample was obtained from a deeper layer (15-20 cm) , with an equal number of replicates as described above, in order to examine if there were differences in organochlorine contamination according to depth. Supplementary sediment samples were taken for determination of the total organic matter (TOM) content. Sediments were previously dried at 60°C and combusted at 500°C for 4 h (Lobo et al., 2010) . S. plana individuals were collected by hand, washed in situ and transported in a thermic box. At the laboratory, individuals were left in clean seawater at 20°C for 24 h to depurate, then measured in terms of total length and dissected. Afterwards, bivalve samples were freeze-dried at −60°C and 1.0 bar, and homogenized for later PCB extraction. Prior to the analysis, the samples were grouped into three size classes (1-2, 2-3 and 3-4 cm, corresponding to 1+, 2+, and 3+ year old individuals, respectively) (Verdelhos et al., 2005) . Few individuals below 1 cm and above 4 cm were found for all locations, making it impossible to obtain sufficient body mass to perform organochlorine analysis and quantification in these age classes.
2.2. Sample preparation and PCB and HCB extraction 2.2.1. Water and suspended particulate matter (SPM)
Water samples from intertidal pools were filtered through prewashed (hexane) glass fiber filters (Whatman GF/F, Ø 47 mm, Schleicher & Schuell), before heating to 350°C for 10 h (adapted from Antunes et al., 2007) . This procedure was used in order to eliminate possible traces of organic compounds and also to separate dissolved and particulate fractions. While the dissolved fraction was collected in glass flasks and analyzed within two days, the glass fiber filters were packed into aluminum foil and stored frozen for latter suspended particulate matter (SPM) analysis. SPM samples were transferred to cellulose thimbles and Soxhlet extracted for 16 h with a mixture of n-hexane:acetone (1:1) (adapted from Antunes et al., 2007) . Afterwards, resulting extracts were cleaned up following the methodology described for the sediments. Dissolved fraction samples (aliquots of 1000 mL) were spiked with CB209 and extracted following the USEPA method 3510C (using hexane as extraction solvent). The extraction was repeated three times; the combined hexane extract was concentrated in a rotary evaporator and submitted to SPE cleanup in a column with Florisil (using hexane for conditioning and elution) and anhydrous sodium sulphate. After evaporation in a rotary evaporator and under a gentle nitrogen flow, the extract was stored at −20°C until analysis.
Sediments
Sediment samples were freeze-dried, sieved to b1 mm, homogenized and wrapped in aluminum foil. Representative aliquots of 10 g of sediment were Soxhlet-extracted with 180 mL of hexane/acetone (1:1) for 8 h, at a rate of 10 cycles/h, in a prewashed glass fiber thimble (adapted from USEPA, 1996) . For both sediment and SPM resulting extracts, activated copper granules were added to remove elemental sulphur. The extracts were concentrated using a rotary evaporator (at 30°C) and submitted to a clean-up using solid-phase extraction cartridges filled with 1 g of silica (Supelclean® LC-Si), and 2 g of neutral alumina (Supelclean® LC-AL-N), both 3% deactivated, and 0.5 g of anhydrous sodium sulphate at the top, using a solid phase extraction (SPE) system. The elution was made with 20 mL of hexane/ dichloromethane (9:1) and 10 mL of hexane/dichloromethane (2:1). The eluate was then concentrated down to 1 mL using a rotary evaporator and dried under a gentle stream of nitrogen. The extracts were re-dissolved in hexane and further experienced a clean-up with 2 g of acidic silica (30% concentrated H 2 SO 4 , w/w), eluted with 15 mL of hexane and the solvent changed to iso-octane before analysis in a gas chromatographer with mass spectrometry detector (GC-MS).
Bivalves
Regarding bivalves, individuals from the same size class were homogenized and combined into a single composite, and then sub-sampled for analysis. This procedure was done in order to obtain enough body mass to accurately determine PCB concentration in bivalves. According to the mass available for each age class from distinct locations, sub-samples of 3 g were weighted, followed by the addition of polychlorinated CB 209 to monitor extraction efficiency. Subsequently, samples were extracted by sonication (Selecta®) with an n-hexane:acetone (1:1) mixture (30 mL), for 20 min. Extract was decanted and the process was repeated thrice. Solvent volume was reduced by using a rotary evaporator. Lipid content was gravimetrically determined using 10% of the extract. A soft stream of nitrogen was used to reduce solvent volume by evaporation. Lipids were removed with sulphuric acid (97%). Afterwards, the extract passed through a multilayered column packed with Florisil (1 g of Supelclean® Florisil) and anhydrous sodium sulphate, and organochlorines eluted with 15 mL of hexane. All samples were dried, under a gentle stream of nitrogen, and solvent exchanged to iso-octane before analysis.
PCB and HCB analysis and quantification
Before the gas chromatography coupled to mass spectrometry (GC-MS) analysis, internal standards were added (HCB-13 C, CB 34, 62, 119, 131 and 173) and the extract was reconstituted to 200 μL of iso-octane for analysis. All resultant extracts (water, SPM, sediments and bivalves) were analyzed by using a gas chromatographic system (Shimadzu Corporation GC/MS-QP5050A) equipped with a ZB5-MS column (30 m × 0.25 mm i.d., 0.25 μm film thickness), helium as carrier gas (0.9 mL/min) and a MS detector using electron impact ionization. Samples were injected (1 μL) in splitless mode and the analytes were separated with the following oven temperature program: 2 min at 40°C, first ramp at 10°C min −1 to 180°C, second ramp at 6°C min
to 310°C (held for 10 min). The injector was operated at 280°C and the interface at 310°C. HCB and thirteen PCB congeners (IUPAC nos. 18, 138, according to EN 12766/CEN and EN 61619 were analyzed. Within these, seven congeners were considered as priority marine pollutants by ICES (1987) and have ecological relevance (IUPAC nos. 28, 52, 101, 118, 138, 153 and 180) . However, according to recent recommendations from the European Commission (Commission Regulation (EU) No., 1259/2011), only six congeners should be considered as ecological indicators (∑ 6 PCBs), being the CB118 exclusively classified as a dioxin-like PCB (dl-PCB). Based on the latest regulations, the inclusion of CB118 was not considered in the results' section, specifically in PCB indicators analysis.
The detector was operated in selected ion monitoring (SIM) acquisition and the ions monitored were: 284 for HCB and 290 for HCB-13 C; 256, 258 for tri-CBs; 292, 290 for tetra-CBs; 326, 328 for penta-CBs; 360, 362 for hexa-CBs; 394, 396 for hepta-CBs; and 430, 428 for octa-CBs. The ions highlighted in bold were used for quantification and the others for confirmation. Besides the confirmation ions, the
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Quality assurance and quality control (QA/QC) procedures
The method performance was assessed by a daily check of calibration curves, method blanks, analysis of certified reference materials (CRMs), fortification of samples and recoveries of surrogate (CB 209) . Method blanks were done in every forth sample in order to detect possible interferences from the reagents, glassware and other processing hardware. In fortified water samples recoveries varied between 78 and 104% and in sample recoveries of CB209 were 82 ± 5% (95% confidence interval). The PCB recoveries for the sediment CRM CNS-300 (freshwater sediment) ranged between 83% and 99% and for the CRM-141 (freshwater sediment) recoveries ranged between 81% and 110% for PCBs and HCB. For spiked sediment samples, analyte recoveries were between 74 and 105%. The results of PCBs in the NIST certified material SRM 2977 (mussel tissue) were within 74-108% of the certified values and in spiked bivalve samples the recoveries of analytes ranged from 78 to 112%. Both for sediments and biota, surrogate recoveries ranged from 68% to 115%. Limits of detection for individual congeners and HCB ranged between 0.6 and 0. 
Secondary production
Secondary production is a useful tool of ecosystem function, representing a direct measure of food provision delivered by an ecosystem, with a clear socioeconomic value. Calculation of secondary production was performed by using data obtained by monthly sampling campaigns undertaken from September 2010 to September 2011 in the same locations. Secondary production was estimated using the Brey (2001) method version 4-04 (worksheet provided in Brey, 2001 ; www.awi-bremerhaven.de/Benthic/Ecosystem/FoodWeb/ Handbook/main.htm), considered the best alternative empirical method to estimate secondary production (Dolbeth et al., 2005 (Dolbeth et al., , 2011 . No value was given to the depth, since the species is intertidal and conversions from ash-free dry weight (AFDW) to dry weight (DW) were done based on Dolbeth et al. (2005) . Determination of the annual production of S. plana, will allow to estimate the quantity of PCBs removed from the sediments (otherwise not bioavailable), and consequently free for trophic transfer to predators. This quantification is essential to evaluate the amount of PCBs that could reach higher trophic levels endangering the aquatic environment.
Bioaccumulation and biota-sediment accumulation factors
The partitioning of compounds between the organisms and abiotic environmental compartments, in which they inhabit may be described by the bioaccumulation factor (BAF). Since this study aimed to measure PCBs in different layers of the sediment profile, it was assumed that the use of the mean value of PCB concentration between superficial and deeper layers for calculation of BAF was more appropriate. In addition, because the HCB concentration in bivalves was mostly below the detection limit, it was only possible to calculate BAF for PCBs, according to the formula (Lee, 1992; Lobo et al., 2010) :
where C o represents the PCB concentration in the organism expressed in ng • g −1 dry weight of tissue and C s is the PCB concentration in the sediment expressed in ng • g −1 dry weight of sediment. Biotasediment accumulation factors (BSAFs) were also calculated and are essentially the BAF normalized to the total organic matter content of the sediment (TOM, given in % relative to sediment DW) (adapted from USEPA, 1995; Lobo et al., 2010) :
Statistical analysis
All data were initially checked for normality and for homogeneity of variances using Shapiro-Wilk's and Bartlett's tests respectively (Zar, 1996) . Data not meeting these criteria were transformed appropriately and checked again for normality and homoscedasticity (Zar, 1996) . Differences in PCB and HCB concentrations between stations and sediment depths were analyzed with a multivariate two-way ANOVA (stations × depths). A similar statistical methodology was used to determine differences in PCB concentrations between study areas and bivalves' age classes. Pairwise multiple comparisons (stations, sediment depths and S. plana age classes) were made using Tukey's honestly significant difference (HSD) test, except whenever the number of replicates differed among bivalves' age classes of different stations. In this case, the Unequal N HSD was applied. This test is a modification of Tukey's HSD test and provides an acceptable test of differences in group means if group ns are not too discrepant (Winer et al., 1991) . All statistical analyses were performed with Statistica 7 software (StatSoft). PCB accumulation in sediments showed a distinct spatial gradient, with Station 1 presenting significantly much higher contamination than the remaining areas (two-way ANOVA: F 2,11 = 183.1, p b 0.001) (Fig. 2) . In addition, there were statistical differences in PCB concentrations according to depth (two-way ANOVA: F 1,11 = 391.3, p b 0.001) and a significant interaction was also found between factors (stations × depths) (two-way ANOVA: F 2,11 = 136.5, p b 0.001). Sediment superficial layers (0-5 cm) of Stations 1 and 2 presented similar PCB content, below 5 ng • g −1 DW ( Fig. 2A,B) , while superficial deposits of Station 3 had approximately half of that concentration (Fig. 2C) . However, no relevant statistical differences were found (Tukey's test, p > 0.05). Concerning PCB concentrations in the deepest strata (15-20 cm), it was observed that sediments from Station 1 were 4 and 17 times more contaminated than those from Stations 2 and 3, respectively (Tukey's test, p b 0.05). Congener composition analysis showed that CBs 153, 138 and 180 were the most abundant, independent from the sampling station and/or the depth, accounting for 50% of the total studied congeners. On the other hand, trichlorobiphenyl congeners (18, 28 and 31) were very rare, except in deeper sediments from Station 2 in which the CB18 was the third most represented (Fig. 2B) . The octachlorobiphenyl CB194 was not detected in superficial sediments from the three selected locations and in the less contaminated site, it was even undetectable in the 15-20 cm depth (Fig. 2C) . Distribution of HCB in sediments followed a similar tendency described for PCBs (Table 1) , despite values being substantially smaller. Significant statistical differences were observed between stations (two-way ANOVA: F 2,11 = 27.0, p b 0.001) and sediment depths (two-way ANOVA: F 1,11 = 33.5, p b 0.001). The highest concentrations were reported nearby the industrial complex, decreasing steadily along a 3 km gradient. Deeper sediment layers contained higher HCB levels, except in Station 3 where contamination was vestigial and no differences in HCB concentration were recognized along sediment depth profile.
Results
Organochlorines in water, SPM and sediments
Organochlorines in S. plana
In accordance with the spatial gradient described for the sediments, the bivalves from the station closer to the point of discharge of industrial effluents evidenced higher contamination, decreasing significantly with the distance to the PCB source (two-way ANOVA: F 2,10 = 6.3, p b 0.05) (Fig. 3A) . Likewise, when the considered PCB concentration was expressed in a lipid weight basis, an identical spatial gradient emerged (Fig. 3B) . In average, individuals from Station 1 presented twice the lipid normalized PCB concentration than the ones inhabiting the moderately contaminated area and 2.5 times more PCBs than bivalves from the less contaminated area. For all locations, smaller individuals presented lower contamination values, while larger bivalves tended to progressively accumulate higher levels, suggesting a bioaccumulation trend throughout S. plana lifespan (Fig. 3A,B) . Moreover, PCB concentration varied significantly between age classes (two-way ANOVA: F 2,10 = 10.4, p b 0.05) and no interaction between study areas and age classes was detected (two-way ANOVA: F 4,10 = 1.0, p > 0.05). Analysis of the six congeners with ecological relevance (Σ 6 PCBs) showed a well-defined bioaccumulation pattern during S. plana lifespan, common to all sampling locations (Fig. 4) . The single ecological congener detected in bivalves grouped into the class 1 + was CB153, however with age, five remaining indicator congeners tended to be gradually accumulated. Data revealed that the most represented and incorporated congeners by the bivalves were CBs 153, 138 and 52, which is consistent with results obtained for the sediments, except for the latest congener. Within this group of six congeners, CB28 was not detected in bivalves from Station 3 (Fig. 4C) and accounted for less than 1% in the two most contaminated areas, being only detected in individuals larger than 2 cm (Fig. 4A,B) .
For all sampling areas, no HCB residues were detected (b LOD) in the smallest bivalves. In the less contaminated area it was only possible to quantify HCB in individuals larger than 3 cm. Contamination levels were quite lower and almost negligible compared to PCBs. Also, a bioaccumulation trend during S. plana lifespan was not evident (Table 1) .
Annual rates of PCB bioaccumulation, secondary production, transfer to the trophic chain and biota-sediment accumulation factors
Annual PCB bioaccumulation rates through S. plana lifespan varied differently in result to the environmental organochlorine levels. Bioaccumulation followed a linear trend in all locations, with annual rates increasing with the proximity to the pollution source (Fig. 5) . In the most contaminated station (8.3 ng
), the annual bioaccumulation rate was 1.5 times greater than the estimated rate for the intermediate station ) and approximately 3 times higher than the estimated rate for the station farther away from the contamination source (2.8 ng
). In order to assess the role of S. plana on the PCB transfer to the estuarine food webs, the annual production of this benthic sediment dwelling invertebrate was calculated in the three selected locations. Production was considerably higher in the moderately and less contaminated stations ( , respectively), while in the most contaminated area the annual production was roughly half of those values (Table 2) . Considering the annual bioaccumulation rates, this bivalve was responsible for the bulk PCB removal from the sediment, incorporating almost 1 μg • m −2 • yr −1 in the moderately contaminated station (Table 2) . Three kilometers away from the effluent discharge point, such PCB removal declined 50%. In fact, extrapolating the results from the mean associated PCBs in the three sampling locations to the approximate 0.6 km 2 of intertidal flats existing in the inner Laranjo Bay, this species is responsible for the annual incorporation of almost 0.4 g of PCBs from the sediments. Regarding bioaccumulation and biota-sediment accumulation factors, a common increasing tendency farther from the contamination source and through S. plana lifespan was discernible (Table 2) , meaning that higher BAF and BSAF were registered in lower PCB contaminated environmental sites and in larger bivalves. Table 2 Annual production, quantity of PCBs available for trophic transfer and bioaccumulation and biota-sediment accumulation factors in S. plana. 
Location
Discussion
The assessment of organochlorine contamination in abiotic and biotic environmental compartments of the Laranjo Bay, in Ria de Aveiro, revealed that the highest concentrations were found closer to the site where industrial effluents were discharged, decreasing sharply along a 3 km extent area. Concentrations found in intertidal water pools were negligible and below the detection limit for both PCBs and HCB. For numerous aquatic systems across the world, PCB levels in the dissolved phase were vestigial, except in the Seine Estuary (France) and particularly in Daya Bay (China), where high concentrations were reported (Table 3) . Residual levels of HCB in water were also documented in the Black Sea (Maldonado and Bayona, 2002) , never exceeding 0.022 ng • L −1
. The results obtained in the Laranjo Bay concerning levels of organochlorines dissolved in intertidal water were in a certain way expected, based on the hydrophobic nature of these pollutants. In fact, PCBs easily volatilize from water surfaces in spite of their low vapor pressure, and partly as a result of their hydrophobicity (Ritter et al., 1995) .
Due to that intrinsic property, these contaminants have great affinity with particulate materials, remaining strongly adsorbed to suspended particulate matter (SPM). PCB concentrations found in particulate fractions of the Laranjo Bay intertidal water were similar to those found in East Java, Indonesia (Hillebrand et al., 1989) and within the range determined by Chen et al. (2011) in Pearl River Estuary, in China (Table 3) . Several European and Asian aquatic systems presented substantially lower PCBs in SPM than the Laranjo Bay and in some locations, like Daya Bay (China), no congeners were even quantified. On the other hand, values documented in the Seine Estuary were remarkably higher compared to the range estimated in the present study (Table 3) . PCB levels found in SPM were slightly higher than the concentrations measured in superficial sediments, which may be related with the transport of particles from the upstream more contaminated areas to the Laranjo Bay and also with plankton's ability to bioaccumulate PCBs (Quental et al., 2003) . Furthermore, preferential accumulation of PCBs with fine sediment fractions (b63 μm) (Piérard et al., 1996) , which remain suspended in the water column for a longer time compared to coarser particles, could also explain these results.
Sediment analysis constitutes a tool of extreme importance in aquatic ecosystem quality assessment, since sediments can reflect long-term contamination levels, acting as reservoirs and thus a source of contamination to benthic organisms (Fang, 2004; He et al., 2006) . Chemistry of bottom sediments is influenced by numerous natural and anthropogenic variables and their heterogeneity and spatial variation are undoubtedly linked to erosion phenomena, transport and deposition, granulometry and organic matter content. The latter is particularly relevant in the context of accumulation of hydrophobic organic contaminants since it represents a factor directly influencing the concentration of PCBs in bottom sediments. For instance, Tomza et al. (2006) stated that sediments rich in organic matter (muddy deposits) accumulated more PCBs than sandy ones.
An increase in PCB and HCB concentrations was observed in the sediment depth profile. By analyzing organochlorines in deeper strata, a large discrepancy was found in relation to the superficial sediments, particularly in the two most contaminated sites. Deeper layers presented much higher concentrations than the uppermost sediments, reflecting PCB and HCB past emissions. Several activities related with agro-industrial development undertaken in the past may be responsible for the observed increase in the sediment core. Nevertheless, the lower levels obtained in the superficial sediments may indicate that the influence of organochlorine compounds in the study area is now decreasing. Compared to other systems worldwide, the results obtained in Ria de Aveiro regarding PCBs in sediments were identical to those found in the coast of Barcelona (Castells et al., 2008) , but quite superior to those in Singapore's coast (Wurl and Obbard, 2006) or in Manila Bay, in Philippines (Villeneuve et al., 2010) (Table 3) . Besides, HCB levels were similar to those reported by Kim et al. (2009) in surface sediments from the Han River, in Korea, and rather higher than levels found in the Gulf of Bothnia (Strandberg et al., 2000) . Although, when compared to the Ya-Er Lake, China, where PCB concentrations in sediments reached almost 6000 ng (Baptista et al., 2013) .
Canadian sediment quality guidelines (CCME, 2002) can be used to assess the degree to which adverse biological effects are likely to occur as a consequence of exposure to PCBs in sediments. The present study revealed that concentrations detected in most contaminated sediments exceeded the PCB threshold effect level (TEL), 21.5 ng • g . Therefore, this location may be considered a highly stressful environment, since PCB toxic effects may occur on benthic biota at this contamination level, which is reflected by its lowest annual production. In fact, the bivalve Cerastoderma edule, was found to regulate and eliminate organic contaminants under adverse conditions by synthesis of metallothioneins (Lobo et al., 2010) . A similar physiological response might be expected regarding the species S. plana. According to the Norwegian sediment quality guideline (NSQG; Bakke et al., 2010) for PCBs, sediments closest to the contamination source are included in class III, causing toxic effects to biota following chronic exposure. Based on NSQG, HCB levels in sediments from the Laranjo Bay were not problematic, since no toxic effects were suggested. Furthermore, according to the Portuguese Legislation for Dredged Material (Decreto-Lei no. 226-A/2007, 31 May; Portaria no., 1450 , sediments collected nearby the point of discharge of industrial effluents are classified as slightly contaminated for both PCBs and HCB (25-100 ng • g −1 and 2.5-10 ng • g −1 respectively) and in the case of immersion of the dredged sediments it requires a thorough study about the deposition of local and subsequent monitoring.
Regarding the contribution of individual congeners to Σ 13 PCBs in sediments and bivalves, the most abundant were generally the hexa-(CBs 138 and 153) and heptachlorinated (CB180) followed by the pentachlorinated ones (CBs 101 and 118), which is in accordance with observations reported by Strandberg et al. (2000) , Wurl and Obbard (2006) and Villeneuve et al. (2010) . That contribution was primarily related to their abundant release into the environment associated to its lower volatility (Ritter et al., 1995) and higher long-term environmental persistence compared to less chlorinated congeners.
The bivalve S. plana was found to respond to the human induced PCB gradient, by incorporating organic compounds parallel to environmental contamination levels. Through its filter and deposit feeding strategies, S. plana accumulated contaminants adsorbed in particulate matter (Coelho et al., 2006) and the bottom sediment. The species revealed to be an important vehicle of PCB transference from sediments to the trophic web, incorporating into their tissues; approximately 0.4 g of PCBs, annually, in the inner area of the Laranjo Bay (0.6 km 2 ). This amount may seem residual and irrelevant, but considering that it can be transferred to higher trophic levels by predation and exported to other areas of the system, it may be significant, since this species represents an important prey item to estuarine predators such as crabs, fishes, and birds. Therefore, the importance of these findings to the understanding of biomagnification processes is evident.
Bioaccumulation and biota-sediment accumulation factors increased farther from the pollution source and in lower environmental contaminated areas. In average, levels of PCBs in sediments from Station 1 are 3 and 10 times higher than values observed in Stations 2 and 3, respectively. However, in average, bivalves collected closer to the PCB source only reached accumulations twice the levels found in the less contaminated sites. This means that accumulation is not proportional and bivalves under higher environmental contamination demonstrated lower ability to accumulate PCBs, suggesting the eventual existence of detoxification strategies in the most contaminated area. Similar observations were reported by Lobo et al. (2010) investigating trace metal and organic compound bioaccumulation potential in the edible cockle C. edule and also by Cardoso et al. (2013) evaluating mercury bioaccumulation kinetics in the same species.
Comparisons of PCB concentrations in biota among different aquatic systems are typically difficult and require particular attention, because there is a wide variation in the number of quantified congeners and the basis in which the concentration is expressed may also vary (wet weigh, dry weight and lipid weight) (Table 3 ). For instance, in a lipid basis, results from the Laranjo Bay were comparable to PCB concentrations found in mussels Perna viridis, in South China (Fang, 2004) . Moreover, S. plana accumulated higher PCB concentration than the blue mussel Mytilus edulis and the oyster Crassostrea talienwhanensis from the Chinese Bohai Sea (Wang et al., 2008) , even though the number of quantified congeners between locations was different (13 CBs in this study against 25 CBs in Chinese Bohai Sea). Using different Arctic bivalve species and analyzing 16 CBs, Vieweg et al. (2012) reported lower lipid normalized concentrations than levels obtained in the Laranjo Bay, as well as Tomza et al. (2006) investigating the uptake of 7 CBs in freshwater mussel Anodonta complanata, in Poland. On the other hand, there are numerous aquatic systems around the world in which PCB concentrations in bivalves broadly exceed levels observed in the Laranjo Bay. For example, in Mytilus galloprovincialis from the Galician coast, Carro et al. (2010) estimated PCB concentrations (wet weight) up to 50 times the maximum concentration found in S. plana. Similar observations were documented in mussels from the Egyptian Red Sea coast (Khaled et al., 2004) and from Algiers Bay (Fouial-Djebbar et al., 2011) . The latter stated an evident tendency of PCB bioaccumulation along different size classes of M. galloprovincialis, with larger mussels (>8 cm) presenting higher concentrations than the small ones. Similar observations were found in S. plana throughout its lifespan, which is confirmed by Σ 13 PCBs and also when it was only considered the contribution of the six ecological indicator congeners (Σ 6 PCBs).
At present the non-dioxin-like PCBs (ndl-PCBs) lack international evaluation, and hence a health-based maximum intake level has not been established. The sum of the six indicator congeners (CBs 28, 52, 101, 138, 153, and 180) comprises about 50% of the amount of total ndl-PCBs present in feed and food, being considered by the European Food Safety Authority (EFSA, 2010) a suitable indicator for occurrence and human exposure to ndl-PCBs. Therefore, it is appropriate to set maximum levels as a sum of these 6 PCBs. According to the Commission Regulation (EU) No., 1259/2011, there is no danger for human health by consuming this bivalve species, since contamination values among locations and age classes varied in the range of 0.1-2.3 ng • g −1 wet weight, which is widely below the limit established for muscle meat of fish and fishery products (75 ng • g −1 wet weight).
Although PCBs are present at low background levels, their harmful impact to human health after consumption over many years and after reaching a steady-state concentration in the body (bioaccumulation) is recognized. Thus, it is extremely important to determine the tolerable daily intake (TDI) for such contaminants. The French Food Safety Agency (AFSSA) and the Norwegian Scientific Committee for Food Safety (VKM) estimated a maximum permissible risk level, TDI for the sum of the six ecological indicator PCBs of 10 ng • kg −1 body weight per day (AFSSA, 2007; VKM, 2008 ) (Pompa et al., 2003) , due to similarities in the Mediterranean diet common to both countries. Considering this average daily bivalve consumption, using a mean human body weight of 65 kg and the mean Σ 6 PCB concentrations in S. plana from the Laranjo Bay (0.93 ng • g −1 wet weight), the estimated Σ 6 PCB daily intake for the Portuguese population would be 0.033 ng • kg −1 body weight.
Thus, the estimated daily intake does not exceed the established TDI and is inclusively about 300 times lower than that limit. This research may have important implications for management policies and biomonitoring programs, by providing a better insight into the organochlorine bioaccumulation process in the bivalve S. plana, itself an important food resource for human population and a crucial contaminant transfer vehicle (biomagnification) to other economically important and exploited natural resources.
